A beer-gushing inducing protein (NGF) produced by Nigrospora sp. No. 207 was found to be characterized by a relatively higher content of hydrophobic amino acid residues , a con siderably high content (about 10%) of half-cystine residue, and the lack of tyrosine, tryptophan, methionine and histidine. Cleavage of disulfide bonds in NGF, either oxidative or reductive, resulted in complete loss of the gushing-inducing activity, indicating that the disulfide bonds are essential for exhibiting the activity.
A beer-gushing inducing protein (NGF) produced by Nigrospora sp. No. 207 was found to be characterized by a relatively higher content of hydrophobic amino acid residues , a con siderably high content (about 10%) of half-cystine residue, and the lack of tyrosine, tryptophan, methionine and histidine. Cleavage of disulfide bonds in NGF, either oxidative or reductive, resulted in complete loss of the gushing-inducing activity, indicating that the disulfide bonds are essential for exhibiting the activity.
Modification of amino groups in NGF with maleic anhydride or O-methylisourea did not affect the gushing activity, whereas modification with trinitrobenzene sulfonate reduced the activity to some extent. Modification of arginine-guanidino groups in NGF with phenyl glyoxal markedly reduced the gushing activity. When the free carboxyl groups of NGF were modified by incorporating glycine or tyrosine, the gushing activity was also drastically de stroyed, implying that the acidic groups of the NGF protein are important for the gushing activity.
It appeared that maintenance of a definite molecular conformation is essential for the gushing-inducing activity of this hydrophobic protein. 1971 harvest.9) The purified gushing factor of Nigrospora (hereinafter abbreviated as NGF) was capable of inducing vigorous gushing in beer when added to a normal beer at a con centration as low as 0.05ppm. Physico chemical investigations on NGF revealed that it is a hydrophobic protein having a molecular weight of approximately 16,500. Gushinginducing proteins of similar nature were also isolated from barley grains on which the same Nigrospora strain was artificially grown.10) It was further proved that when added to mash tun these gushing-inducing proteins could survive the whole processes of beer brewing (kettle boiling, fermentation, cold storage, filtration, etc.), giving a definite gushing tendency to the finished beer.
In the present work, a detailed analysis of the amino acid composition of NGF was first performed and then some chemical modifica tions of the NGF protein were conducted to explore the structural properties of NGF responsible for the gushing-inducing activity.
MATERIALS AND METHODS
1) Assay for gushing activity.
As described before,0"10) an aliquot (0.01 to 0.1 ml) of sample to be tested was put at the bottom of a 340-m1 bottle, and normal non-gushing beer was gently poured into it up to the 340-m1 mark. The bottle was crowned after tapping to fill the neck space with foam, and heated to 60°C for 20 min in a hot water bath. A number of such bottles were placed on a rotary drum and shaken for 60 min at 25°C at 20 rpm. Then the bottles were left at rest in the upright position for exactly 5 min, and the crowns were removed carefully. The volumes of beer which overflowed out of the bottles were measured. The gushing activity was expressed in ml/340 ml.
2) Preparation of NGF.
Nigrospora sp. No. 207 was inoculated into 35 liters of the modified Richard solution and cultivated under an aerated condition for 115 hr at 25°C.s.lu To the culture filtrate, ammonium sulfate was added to give a saturation of 60%. The precipitates were collected by centrifugation and extracted with a small amount of 80 % aqueous methanol. The methanol extracts were fractionated by successive solvent treatments with n-butanol, ethyl ether and acetone, and then passed through columns of Sephadex LH-20 and G-100, as previously reported.')
The active fractions from the Sephadex G-100 chromatography were pooled and dialyzed against distilled water for 72 hr, the outer solution changed three times, and then against 0.01 M Tris-HCI buffer, pH 8.0, overnight. The dialyzed gushing factor was subjected to a column of DEAE-Sephadex previously equilibrated with 0.01 M Tris buffer. The elution was performed with the same buffer exhaustively and then with buffers containing 0.1, 0.2 and 0.5 M NaCl successively. The gushingactive fraction which was eluted with 0.1 M NaCI was then extracted with n-butanol after adjustment of the pH to 2, and the butanol extracts were transferred to 80% aqueous methanol.
The purified preparation of NGF was obtained from re-chromatography on Sephadex LH-20. The lyophilized powder of NGF gave a single band on disc electrophoresis which was carried out by the method described by Ornstein12) and Davis.13) 3) Amino acid analysis.
A portion of sample was hydrolyzed with 6 N HC1 at 110°C for 22 hr in an evacuated tube. Amino acids were determined with a Hitachi amino acid analyzer (Model KLA-3A).
4) Performic acid oxidation of NGF.
The performic acid reagent was prepared by mixing I ml of hydrogen peroxide (30 %) and 19 ml of formic acid (99 %), and the mixture was kept at 25°C for 2 hr.") The powder of NGF (20 mg) was oxidized by the addition of I ml of the performic acid reagent under ice cooling. Samples were taken at intervals for assay of gushing activity and for determining the extent of oxidation.
For the latter purpose, aliquots (0.2 ml) of the reaction mixture were diluted with 40 ml of ice-chilled water and lyophilized. The lyophilized powder was hydrolyzed and then analyzed for cysteic acid by the use of an amino acid analyzer. 5) Reduction of disulfide bonds in NGF with 2-mercaptoethanol (2-ME).
NGF (0.8 mg) was dissolved in 3.15 ml of 0.1 M Tris-HC1 buffer, pH 8.6, in either the presence or the absence of 8m urea. To each solution, 0.05 ml of 2-ME was added to start the reduction at room temperature.1°) 6) Reduction of disulfide bonds with sodium borohydride.
The reduction of NGF with sodium borohydride was carried out essentially in accordance with the method of Odani and Ikenaka1B) except that 80% aqueous methanol was used as the solvent to prevent intensive foaming. To 1.5 ml of NGF solution (3.1 mg/ml) in 80% methanol was added 15 ml of 1.0 M sodium borohydride solution which was prepared by dissolving in 0.1 M 80% methanolic NaOH containing 0.02 % EDTA. The reaction mixture was kept at room temperature for 4 hr. At intervals a 1.65 ml aliquot of reaction mixture was taken into a test tube which had been cooled in an ice-bath, and mixed with 0.45 ml of 6 N HCI to decompose excess sodium borohydride. A 0.14 ml portion of this mixture was used for assaying the gushing activity, and a 1.4 ml portion for determination of free SH-groups by Ellman's method."' To the latter portion were added first 3.0 ml of 2 M Tris-HC1 buffer, pH 8.1, containing 0.02% EDTA, and then 0.05 ml of 0.05 M, 5,5'-dithiobis(2-nitrobenzoic acid) in 0.1 M phosphate buffer, pH 6.5, for color development. By reading the absorbance at 412 nm, the SH-group content was calculated from a standard curve prepared with L-cysteine.
7)
Modification of amino groups a) Maleylation. NGF (8.5 mg) was dissolved in 2 ml of 0.1m sodium pyrophosphate buffer, pH 9.0. To this NGF solution, 0.3 ml of 1.0 M maleic anhydride in dioxane was added at 4°C in 0.05 ml portions at 10 min intervals, the pH of the reaction mixture being maintained at pH 9.0 with 0.1 N NaOH.18> To the reaction mixture, 4 volumes of methanol were added, and the insoluble materials were removed by centrifugation. The supernatant was desalted by passing through a column of Sephadex LH-20 (22 x 460 mm) in 80% aqueous methanol. The fractions that contained the protein were pooled and lyophilized, To confirm the occurrence of maleylation, untreated and treated samples of NGF were dissolved in distilled water at a concentration of 0.1 %, and each solution was subjected to three different color reactions, i.e., Cu-Folin reaction (OD at 750 nm),1°' ninhydrin reaction (OD at 570 nm)20) and trinitrobenzene sulfonate reac- Table I , the amino acid com position of NGF is characterized by (1) the lack of four residues, methionine, tyrosine, tryptophan and histidine, (2) a relatively high proportion of hydrophobic residues such as proline, alanine, leucine, and valine, and (3) a high half-cystine content. The half-cystine residue is calculated to be 9.8g per 100g of the protein, that corresponds to 16 moles per mole. Since no free SH-group could be de tected by Elhnan's method even in the presence 2) Performic acid oxidation of NGF As shown in Fig. 1 , the gushing activity of NGF was lost very rapidly on reaction with the performic acid reagent containing 99% formic acid and 30% hydrogen peroxide (19:1), while little change in the activity oc curred on standing in either 99% formic acid plus distilled water or 30% hydrogen peroxide plus distilled water. The results of amino acid analyses for cysteic acid showed that more than 85% of the half-cystine residues of NGF have already been oxidized after 10min of reaction with the performic acid reagent. 3) Reduction of disulfide bonds with 2-mercaptoethanol (2-ME) Reduction of disulfide bonds of NGF with 2-ME was then conducted either in the presence or in the absence of 8M urea. As indicated in Table II , the addition of 2-ME (0.05ml) to the NGF solution (0.9mg/3.15ml) in 0.1M Tris buffer, pH 8.6, markedly reduced the gushing activity of NGF. Especially in the presence of 8M urea, the gushing activity of NGF completely disappeared after 4.5hr' incubation with 2-ME. However, when this inactivated reaction mixture was dialyzed against distilled water overnight to remove 2-ME and urea, the inner NGF solution re stored the gushing activity to some extent. This seems to indicate that some of the disulfide bonds are regenerated after the removal of 2-ME and urea. The time courses of inactivation of NGF with 2-ME in the presence and absence of 8M urea were compared more in detail (Fig. 2) . In the presence of urea, the gushing activity decreased very rapidly and completely dis appeared in 1hr. In the absence of urea, however, the original activity was maintained for the first 3.5hr and then sharply decreased to a level of approximately 20% at 4.5hr, which was maintained even after 22hr of incubation. These facts seem to indicate that the disulfide bonds in the native NGF are resistant to reduction with 2-ME and some of the disulfide bridges remain uncleaved even after the prolonged incubation.
4) Reduction of NGF with sodium borohydride
In order to investigate the relationship be tween the extent of cleavage of the disulfide bonds in NGF and the loss in gushing activity, reduction of NGF with borohydride was performed at room temperature by adding 15 ml of 1.0 M sodium borohydride in 80% methanol to 1.5ml of NGF solution (3.1mg/ ml) in 80%, methanol. At intervals, aliquots of the reaction mixture were taken, and after decomposing the excess borohydride with HCl the samples were assayed for the gushing activity and the free SH-groups liberated.
As shown in Fig. 3 , the gushing activity decreased in parallel with the increase of the free SH-groups. After 240min of incubation when the gushing activity was nullified, the amount of free SH-group was found to be 15.5moles per mole of protein, indicating that almost all the 8 disulfide bonds of NGF could be cleaved by borohydride under the conditions used.
5) Modification of amino groups with maleic
anhydride Modification of NGF with maleic anhydride was conducted for 60min at pH 9.0 in sodium pyrophosphate buffer. Although the maleyla tion of NGF made fair progress as indicated in Table III , there was no significant change in gushing activity as compared with that of untreated NGF. carbodiimide reagent (Table VI) . In the case of modification with 0.5M tyrosine methyl ester in 7.5M urea, the gushing activity after 10min reaction was found to be zero when tested at the concentrations of 0.04 and 0.14 ppm. At much higher concentrations such as 1.35ppm, some gushing activity was found to be remaining, though it completely disap peared after reacting for 60min with the same reagents. When the modifications were con ducted in the absence of urea, the reaction was markedly retarded as indicated in the lower portion of Table VI .
In order to check the extent of modification as well as to know the number of free carboxy lic acid groups in NGF, three different samples of modified NGF were subjected to amino acid analysis after hydrolysis with 6N HCl. The results obtained are shown in Table VII . In comparison with the amino acid composi tion of untreated NGF, the modified sample A, which was modified with glycine ethyl ester overnight in 7.5M urea, was found to have incorporated 0.26 moles of glycine residue per mole of alanine. Incorporation of this number of glycine corresponds to modification of 6.6 moles of free carboxyl groups per molecule of NGF. When modified with tyro sine methyl ester for 60min in aqueous solu tion (sample B) or overnight in 7.5M urea (sample C), 0.08 moles or 0.20 moles, respec tively, of tyrosine were incorporated per mole of alanine in NGF. than 250%. Thus he deduced that the gushing arises only when beer contains many nuclei which act as "dry spots" or evolving centers for carbon dioxide on opening of the bottle. Though it lacks direct experimental proof, Krause's theory that gushing is due to the presence of preformed nuclei in beer has been supported by many later workers.29,30) Re cently Gardner4) listed the following three types of nuclei as the possible cause of rapid release of carbon dioxide from beer; (1) solid hydrophobic particles, (2) gas residues sorbed on a solid "support," and (3) stabilized micro bubbles.
The importance of hydrophobic surface on the nuclei in the carbon dioxide liberation from beer has also been suggested by some other investigators, but real evidence for the existence of hydrophobic substances as gushing inducers has not yet been presented, except those of our previous papers.9,10))
The Nigrospora gushing factor (NGF), isolated by us from culture filtrates9) as well as from artificially infected barley grains,10) is a water-soluble protein which is more easily soluble in aqueous organic solvents such as methanol, butanol and acetone. The hydro phobic nature of NGF is substantiated by its relatively higher content of hydrophobic amino acid residues (Table I) . If we are justified to estimate the polarity of this protein from the amino acid composition following the method of Capaldi and Vanderkooi,31) NGF was found to have a polarity index of approximately 33%, an exceptionally low value for a water-soluble protein. These facts appear to support the hypothesis that the hydrophobic region of a protein molecule would play the role of the "dry spot" of nucleus in releasing carbon dioxide from beer.
In the present work it was found that NGF 
